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High frequency f a t i g u e  tests were conducted i n  a high-vacuum environ- 
ment on r e c r y s t a l l i z e d  molybdenum-base a l l o y  TZC a t  temperatures between 1800 
and 2200'F (982 and 1204OC). 
r ange  no .well-defined endurance l i m i t  e x i s t e d .  
(1204OC) and 10 cyc le s  were as low as 16,000 p s i .  
l oad  t o  a s t a t i c a l l y - l o a d e d  specimen produced a marked a c c e l e r a t i o n  i n  t h e  degree 
of specimen ex tens ion .  This i nc rease  was c h a r a c t e r i z e d  by a r e l a t i v e l y  r a p i d  
ex tens ion  during t h e  f i r s t  t h i r t y  minutes of t e s t i n g  followed by a pe r iod  of 
s t e a d y  s t a t e  c reep  which was approximately two o rde r s  of magnitude g r e a t e r  than  
t h e  c reep  rate observed under a comparable s t a t i c  peak stress. 
The r e s u l t s  i n d i c a t e d  t h a t  i n  t h i s  temperature 
F a t i g u e  s t r e n g t h s  a t  2200'F 
9 The a p p l i c a t i o n  of a c y c l i c  
INTRODUCTION 
In a v a r i e t y  of h igh  temperature component app l i ca t ions  r e f r a c t o r y  
a l l o y s  are s e l e c t e d  because of t h e i r  s u p e r i o r  c reep  r e s i s t a n c e .  However, i n  
many ' ins tances  t h e  s t a t i c  c reep  load is  accanpanied by v ib ra to ry  stresses which 
may a c t u a l l y  r ep resen t  a l i m i t i n g  design condi t ion .  Current data (1)* i n d i c a t e  
t h a t  below approximately 900'F unalloyed molybdenum has a well-defined endurance 
l i m i t  wi th  a r a t i o  of f a t i g u e  l i m i t  t o  u l t i m a t e  s t r e n g t h  of about 0.7. 
temperatures t h e  f a t i g u e  curve exh ib i t s  no c h a r a c t e r i s t i c  endurance l i m i t  and 
t h e  f a t i g u e  s t r e n g t h  appears  t o  continuously decrease  wi th  an inc reas ing  number 
of test cycles .  
low a s  20,000 p s i  a t  10 cyc les  (1). 
A t  higher 
A t  1050°F, t he  f a t i g u e  s t r e n g t h  of unalloyed molybdenum i s  a s  
7 
The purpose of t h i s  i nves t iga t ion  w a s  t o  s tudy  t h e  f a t i g u e  behavior 
of a high-strength molybdenum base a l l o y  t o  determine whether t h e  f a t i g u e  s t r e n g t h  
r ep resen t s  a more s e r i o u s  design l i m i t a t i o n  than s t a t i c  creep. In  a d d i t i o n ,  t h e  
tendency f o r  t h e  c y c l i c  load  superimposed on a s t a t i c  load t o  promote a c c e l e r a t e d  
c reep  was a l s o  evaluated.  In  order t o  minimize p o s s i b l e  complications due t o  
environmental e f f e c t s ,  t h e  t e s t s  were conducted i n  vacuums less than 1 x 
t o r r .  
s tudy  i n  t h e  high cyc le  f a i l u r e  range. 
-. - 
Loading f requencies  between 19  and 20 kHz (Kcs) were used t o  f a c i l i t a t e  
CL _-.--- .- 
MATERIALS AND PROCEDURE 
The composition and processing h i s t o r y  f o r  t h e  molybdenum-base T2C 
a l l o y  used i n  t h e  tests a r e  given i n  Tables 1 and 2. The TZC w a s  r e c r y s t a l l i z e d  
a t  3090°F (170OOC) f o r  one hour in vacuum p r i o r  t o  t e s t i n g  and t h e  convent ional  
smooth t e n s i l e  p rope r t i e s  produced by t h i s  hea t  t rea tment  a r e  given i n  Table  2.  
The mic ros t ruc tu re  f o r  t h e  r e c r y s t a l l i z e d  TZC ma te r i a l  i s  presented i n  F igure  1" 
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FIGURE 1 MICROSTRUCTURE OF MOLYBDENUM -BASE TZC ALLOY, ANNEALED 1700°C, 
IOOX, ETCHANT: 15% HF, 15% H2SO4, 8% "03, 62% H20. 
3 
The two test specimen geometries shown i n  F igure  2 w e r e  used €o r  the 
f a t i g u e  s t u d i e s .  
notch geometry was requi red  t o  a l low s u f f i c i e n t  stress t o  be generated t o  produce 
f a t i g u e  f a i l u r e .  
approximately 0.45** t o  provide a measure of t h e  v a l i d i t y  of t h e  method used t o  
c a l c u l a t e  peak stress i n  t h e  notch specimens. 
I n  t h e  tests where t h e  mean stress was e s s e n t i a l l y  zero*, t h e  
Both smooth and notched specimens were used  f o r  A r a t i o s  of 
The tests were conducted i n  vacuum chambers, see Figure  3, equipped 
wi th  ion  pumps and tantalum r e s i s t a n c e  heated furnaces .  
was used t o  produce t h e  dynamic load wi th  nodes a t  bo th  t h e  top p o r t  s e a l  and t h e  
lower attachment po in t  f o r  t h e  s t a t i c  load ,  see F igure  4. The v ib ra t ion  t r a i n  
was dr iven a t  approximately 20 kHz (Kcs) by an e x t e r n a l l y  mounted PZT p i e z o e l e c t r i c  
t ransducer .  Mechanical ampl i f i ca t ion  was a t t a i n e d  by s u i t a b l e  stepped-horn type  
v e l o c i t y  t ransformers  ( 2 )  which provided a maximum displacement of approximately 
0.001'' a t  t h e  2000'F test  temperature. 
A resonant  d r i v e  t r a i n  
The tes t  method involved mechanically mounting t h e  specimen t o  t h e  
d r i v e  t r a i n ,  a d j u s t i n g  t h e  capac i t i ve  v i b r a t i o n  pick-up, making pre l iminary  checks 
t o  in su re  t h e  system was i n  resonance, and pumping t h e  u n i t  t o  a vacuum better 
than  1 x t o r r  a t  room temperature. Test ing was performed a t  t h i s  vacuum 
except  during hea t ing  which was con t ro l l ed  so t h a t  the  p res su re  never exceeded 
1 x t o r r .  
A W-3% Refl-2570 R e  thermocouple placed approximately 1/8 inch from the .  
s u r f a c e  a t  the  specimen midpoint was used f o r  temperature  measurement. Jhe t o  
breakage produced by t h e  v ib ra t ion ,  t he  thermocouple could not  be  a t t ached  d i r e c t -  
l y  t o  t h e  specimen. 
p r i o r  t o  t h e  i n i t i a t i o n  of tes t ing .  
The temperature was s t a b i l i z e d  f o r  approximately two hours 
The a p p l i c a t i o n  of t h e  h igh  frequency c y c l i c  l oad  produced hea t ing  of 
the f a t i g u e  specimen. As a result of a series of pre l iminary  tests, t h e  inc re -  
ment of temperature  i n c r e a s e  was determined a s  a func t ion  of d r i v e  l e v e l  by 
o p t i c a l  pyrometer readings.  It was then p o s s i b l e  t o  a d j u s t  the i n i t i a l  furnace  
temperature  s e t t i n g  t o  produce t h e  desired temperature l e v e l  i n  the specimen 
* In  a l l  cases  a very s l i g h t  s t a t i c  load was p re sen t  on the specimens as a r e su l t  
of t h e  weight of t he  f i x t u r e  used t o  hold t h e  c a p a c i t i v e  pick-up f o r  monitoring 
res onant condi t ions  . 
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a t  t h e  nodal p o i n t  when t h e  dr ive  w a s  appl ied.  
The dynamic stress produced by the  u l t r a s o n i c  v i b r a t i o n  was  determined 
from displacement measurements made d i r e c t l y  on t h e  specimen wi th  a cathetometer .  
I n  t h e  smooth specimens two re ference  po in t s  were s e l e c t e d  approximately 
e q u i d i s t a n t  from t h e  specimen midpoint and t h e  displacements a t  t hese  p o i n t s  w e r e  
determined by averaging 10 readings which showed a v a r i a t i o n  of approximately 
50,k- inches.  
pc - inch  f i n i s h  on t h e  specimens which were wel -1  def ined  by t h e  r e f l e c t i o n  of t h e  
cathetometer  l i g h t  source.  The displacement a long  t h e  specimen was assumed t o  
fo l low t h e  s i n u s o i d a l  r e l a t ionsh ip :  
These r e f e r e n c e  points  were s l i g h t  pe r tu rba t ions  i n  t h e  15 RMS 
where 2 6 x  i s  t h e  t o t a l  
t h e  specimen midpoint,  
resonant  wave length.  
s o s i n  2 T x  
h 
measured displacement a t  a d i s t a n c e  x from t h e  node a t  
6-,is t h e  maximum ampli tude a t  an an t inode  and A i s  t h e  
The maximum s t r a i n  ( Emax) a t  t h e  midpoint of t h e  dumb-bell type  
specimen was  then  determined from t h e  equation: 
and t h e  dynamic stress (c) was obta ined  from t h e  product  of t h e  s t r a i n  and 
t h e  e l a s t i c  modulus a t  t h e  p a r t i c u l a r  test temperature:  
Cmax = ( E max) (E) 
On t h e  b a s i s  of displacement measurements taken on a v i b r a t i n g  b a r ,  
an e l o r t i c  modulus a t  2000’F was determined which agreed very c l o s e l y  w i t h  pre-  
viously r e p o r t e d  dvnamic measurements for molybdenum (3 ) .  
modulus f o r  molybdenum was used t o  compute t h e  stresses a t  1800 and 2200°F (982 
and 1204°C). 
On t h i s  b a s i s ,  t h e  
A summary of t h e  modu l i  u sed  i s  g iven  i n  Table 2.  
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Tll- V I ( L L C L L  -- t h e  notch specimen was employed, t h e  maximum stress (6) was 
c a l c u l a t e d  on t h e  b a s i s  of t h e  fol lowing equation: 
wherer K i s  t h e  e l a s t i c  stress concent ra t ion  f a c t o r  dequ’alto 1.87) 
D/d i s  t h e  r a t i o  of major t o  minor diameter i n  t h e  notch specimen 
(equal  t o  1.20) and, 
T 
& E,  and ,A are  def ined i n  equat ion 1. 
0 ’  
I n  t h e  notch  tests &was determined from measurements of displacement 
( (5x1  taken on t h e  major diameter and ca l cu la t ed  from equat ions 1 and 4. 
v a l i d i t y  of us ing  equat ion  4 t o  c a l c u l a t e  t h e  e f f e c t i v e  dynamic stress i n  notch 
specimens w a s  determined by conducting both smooth and notch f a t i g u e  tests a t  
an A r a t i o  of 0.45. 
genera ted  by both  specimen conf igura t ions .  
The 
The results ind ica t ed  t h a t  comparable f a t i g u e  curves were 
Although cracking  of t h e  t es t  specimen was accompanied by a s i g n i f i c a c t  
decrease  i n  t h e  resonant  frequency, t h e  tests were cont inued u n t i l  t h e  resonant  
frequency decreased 150 HZ (cps) .  This condi t ion  usua l ly  r e s u l t e d  i n  pro-  
paga t ing  t h e  f a t i g u e  c racks  through approximately one-half of t h e  specimen c ross -  
s e c t i o n  (see Figure  5).  
In  t h e  tests on smooth specimens a t  t h e  an A r a t i o  of approximately 
0.45, t he  in f luence  of t he  c y c l i c  stress on creep  p r o p e r t i e s  was eva lua ted  by 
measuring t h e  specimen ex tens ion  over t h e  1.155 inch  d i s t a n c e  between specimen 
shoulders .  This procedure was necessary s i n c e  gauge marks could not  be  p laced  
on t h e  specimens wi thout  s i g n i f i c a n t l y  a l t e r i n g  t h e  f a t i g u e  behavior.  Although 
t h e  c reep  w a s  measured over t h e  1.155 inch  shoulder  s e p a r a t i o n  d i s t ance ,  t h e  
ma jo r i ty  of t h e  ex tens ion  a c t u a l l y  occurred over t h e  0.860 inch  gauge s e c t i o n .  
An a r b i t r a r y  guage l eng th  of one inch  w a s  assumed i n  r e p o r t i n g  t h e  c reep  tes t  
da ta .  
9 
FIGURE 5 APPEARANCE OF FRACTURE SURFACE OF MOLYBDENUM-BASE TZC ALLOY, 
FATIGUE TESTED AT 2000°F (1093OC), 19 KHz,<1 X 1OW7TORR VACUUM, 1OX. 
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RESULTS AND DISCUSS I O N  
I' 
The f a t i g u e  curves f o r  t e s t s  conducted a t  1800, 2000, and 2200°F 
(982, 1093, and 1204°C) wi th  both t h e  notch  and smooth specimens are  presented  
i n  F igu re  6.  
t empera tures .  
s t r e n g t h  a s  low as 16,000 p s i  w a s  observed a t  10 cyc les .  
t e n s i l e  s t r e n g t h  r a t i o s  are  shown i n  Table 4 f o r  each of t h e  test  temperatures.  
The r a t i o s  are cons iderably  lower than t h e  0.5 t o  0.4 usua l ly  observed i n  m a t e r i a l s  
which possess a wel l -def ined  endurance l i m i t ,  such as steels ( 4 )  or  t h e  0.7 va lue  
ob ta ined  f o r  molybdenum when t e s t e d  below 875'F (468'C) where d i s l o c a t i o n  locking  
can occur. 
A well-defined endurance l i m i t  was no t  p re sen t  a t  any of t h e  tes t  
A t  2200'F (1204'C) and an A r a t i o  of approximately 00, a f a t i g u e  
9 The f a t i g u e  s t r e n g t h -  
TABLE 4 
R a t i o  of Fatigue-to-Tensile S t rength  TZC Molybdenum Al loy ,  Tested i n  Vacuum, A C O O  
1 x lom7 Torr a t  20 
T e s t  Tempzrature T e n s i l e  S t r en  t h  a t  l o9  cyc le s  Fatigue-to-Tensile 
1800 982 63.0 4.34~10'  18 1 . 2 4 ~ 1 0  
2 000 1093 60.8 4 . 1 9 ~ 1 0 ~  1 7  1 . 1 7 ~ 1 0  
K c s  
Fa t igue  S t r e n g t h  R a t i o  








C K s i  N/m ' K s i  N/m -- OF - 
2200 1204 54.2 3 . 7 1 ~ 1 0 ~  16 1.10x10 
The f a t i g u e  resul ts  a r e  p l o t t e d  i n  t h e  form of a modified Goodman 
diagram i n  F i g u r e  7. 
tes t  temperatures showed comparable f a t i g u e  behavior whi le  t h e  s t r e n g t h  a t  1800'F 
(982OC) was s i g n i f i c a n t l y  g r e a t e r .  
A t  t h e  lower A r a t i o s ,  t h e  2000 and 2200'F (1093 and 1204'C) 
I n  many h igh  temperature a p p l i c a t i o n s  where r e f r a c t o r y  a l l o y s  are 
employed, cond i t ions  of c y c l i c  v i b r a t i o n  are superimposed on t h e  s t a t i c  load. 
A comparison of t h e  f a t i g u e  l i f e  of t h e  TZC a l l o y  wi th  t h e  c reep  l i f e  i s  given 
i n  F igu re  8. The comparison i s  made us ing  t h e  Larson-Miller parameter where T 
r e p r e s e n t s  t h e  test temperature in  a b s o l u t e  u n i t s  and t i s  t h e  t i m e  t o  f a i l u r e  
11 
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FIGURE 7 GOODMAN DIAGRAM FOR 20KC FATIGUE STRENGTH 
OF TZC ALLOY AT 109 CYCLES, TESTED IN VACUUM 
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FIGURE 8 COMPARISON OF FATIGUE (20 Kcs) ON SMOOTH BAR SPECIMENS 
AND CREEP PROPERTIES OF TZC TESTED IN VACUUM ENVIRONMENT 
<I x 10-7 TORR. 
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i n  t h e  f a t i g u e  tests or t h e  t i m e  t o  reach  0.5% i n  prev ious ly  r epor t ed  c reep  
tests (5). 
is  a func t ion  of t h e  loading  frequency, t h e  resul ts  i n d i c a t e  t h a t  under c e r t a i n  
cond i t ions  f a t i g u e  can be  a more r e s t r i c t i v e  f a i l u r e  mode i n  t h e  r e f r a c t o r y  n e t a l s  
than c reep .  
Although t h e  exac t  pos i t i on  of t h e  f a t i g u e  curve  on t h e  t i m e  s c a l e  
In a d d i t i o n  t o  a c t u a l l y  causing t o t a l  f a t i g u e  f a i l u r e ,  t h e  supe rpos i t i on  
of a dynamic load  on a s t a t i c  load can produce a s i g n i f i c a n t  a c c e l e r a t i o n  i n  c reep .  
Typical c r eep  curves obta ined  f o r  TZC under c y c l i c  load cond i t ions  a t  1800, 2000, 
and 2200'F (982, 1093 and 1204'C) a r e  shown i n  F igures  9 ,  10, and 11. 
p a r a t i v e  purposes,  a c reep  curve  obtained by t e s t i n g  under s t a t i c  load i n  a high 
vacuum environment is  a l s o  presented i n  F igure  10. The supe rpos i t i on  of a dynamic: 
s t ress  on t h e  s t a t i c  stress caused a very marked i n c r e a s e  i n  t o t a l  ex tens ion .  
Under t h e  static-dynamic loading ,  t h e  specimen exh ib i t ed  a l a r g e  i n i t i a l  ex tens ion  
w i t h i n  t h e  f i r s t  30 minutes  of t e s t ,  followed by a per iod  where an approximately 
cons t an t  c r eep  r a t e  occurred. To f u r t h e r  ana lyze  t h e  f a c t o r s  which c o n t r o l  bo th  
t h e  i n i t i a l  ex tens ion  and t h e  cons tan t  c r eep  r a t e ,  t h e  parameters f ,  and E2/ t ,  
shown schemat ica l ly  i n  F igu re  1 2 ,  were p l o t t e d  l o g a r i t h m i c a l l y  a s  a func t ion  of 
peak stress i n  F igures  13 and 14. 
occurred  e a r l y  i n  t h e  test sequence was e s s e n t i a l l y  independent of t h e  temperature 
i n  t h e  1800 t o  2200'F (982 t o  1204'C) range. 
on t h e  specimen was removed, f o r  a pe r iod  of t i m e ,  and then r e i n i t i a t e d ,  t h e  
va lues  of E 
c r e e p  rate ( c  / t )  shown i n  Figure 14 ind ica t ed  t h a t  t h e  c r e e p  ra te  under combined 
s ta t ic -dynamic  loading cond i t ions  inc reased  wi th  inc reas ing  tes t  temperature.  By 
way of comparison, t h e  c reep  r a t e s  ob ta ined  under s t a t i c  cond i t ions  a t  e s s e n t i a l l y  
t h e  same peak stress va lues  were almost two o rde r s  of magnitude less than those  
p r e s e n t  i n  t h e  tests where combined static-dynamic loading  w a s  used. The a c c e l e r a t -  
ed c reep  e f f e c t s  produced by cyc l i c  loading  were t h e r e f o r e  apparent  i n  bo th  a 
very r a p i d  i n c r e a s e  i n  i n i t i a l  specimen ex tens ion  and a s i g n i f i c a n t  i n c r e a s e  i n  
t h e  s teady  s t a t e  creep  r a t e .  
For com- 
The i n i t i a l  specimen ex tens ion  ( G l )  which 
In  cases  where t h e  dynamic d r i v e  
were g r e a t l y  reduced. The in f luence  of peak stress on t h e  cons t an t  1 
2 
The a c c e l e r a t e d  c reep  produced under combined c y c l i c - s t a t i c  loading  is 
n o t  unique wi th  t h e  TZC a l l o y  or t h e  h igh  frequency t e s t i n g  cond i t ions  employed 
i n  t h i s  eva lua t ion .  F e l t n e r  and S i n c l a i r  have summarized resul ts  ob ta ined  w i t h  
cadmium, copper and aluminum and i n d i c a t e d  t h a t  a c c e l e r a t e d  c r e e p  i s  produced 
under combined static-dynamic condi t ions  when t h e  tes t  temperature i s  below 
approximately one-half t h e  melting p o i n t ,  of t h e  material  (6). Simi la r  r e su l t s  
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FIGURE 12 SCHEMATIC ILLUSTRATION OF TYPICAL CREEP BEHAVIOR 
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have been obta ined  by a number of i n v e s t i g a t o r s ,  working wi th  copper, l e a d ,  and 
n i c k e l  (7,8,9) who re la te  t h e  increased  c reep  t o  imperfections genera ted  by t h e  
c y c l i c  l o a d  a p p l i c a t i o n .  In  t h e  c a s e  of t h e  TZC a l l o y ,  t h e  homologous tes t  
tempera ture  i s  s l i g h t l y  below one-half s o  t h a t  t h e  ex tens ive  i n c r e a s e  i n  t h e  
c reep  ex tens ion  i s  c o n s i s t e n t  wi th  p rev ious ly  observed material behavior.  
SUMMARY AND CONCLUSIONS 
F a t i g u e  tests were conducted i n  an u l t r a -h igh  vacuum environment on 
molybdenum base  a l l o y  TZC a t  a t e s t  frequency of 20 kHz (Kcs) and temperatures 
of 1800,2000& 2200'F (982, 1093 and 1204'C). 
n o t  occur a t  any of t h e  tes t  condi t ions ,and  f a t i g u e  s t r e n g t h s ,  as low as 16,000 
p s i ,  were observed a t  10 cyc le s  a t  2200'F (1204'C). 
of a Larson-Miller parameter,  f a t i g u e  l i f e  a t  t h e  20 kHz (Kcs) test  frequency 
and an A r a t i o  of 0.45 represented  a more r e s t r i c t i v e  design cons ide ra t ion  than 
c reep .  
A well-defined endurance l i m i t  d i d  
9 When compared on t h e  b a s i s  
In  a d d i t i o n  t o  c l a s s i c a l  f a t i g u e  f a i l u r e ,  t h e  supe rpos i t i on  of a c y c l i c  
stress on a s t a t i c  stress produced a s u b s t a n t i a l  i n c r e a s e  i n  specimen e x t e n s i o s .  
This i n c r e a s e  occurred a s  an i n i t i a l l y  r a p i d  c reep  ra te  during approximately t h e  
f i r s t  30 minutes of t e s t i n g  followed by a pe r iod  where t h e  c reep  r a t e  was e s s e n t i a l -  
l y  cons t an t .  The s t e a d y - s t a t e  creep produced under static-dynamic loading  con- 
d i t i o n s  was almost two orders  of magnitude g r e a t e r  than t h a t  produced under com- 
p a r a b l e  test  cond i t ions  when only a c o n s t a n t  load  w a s  involved. The results i n -  
d i c a t e  t h a t  i n  t h e  a p p l i c a t i o n  of r e f r a c t o r y  a l l o y s  under cond i t ions  where a 
combination s ta t ic -dynamic  stress i s  a p p l i e d ,  t h e  a c c e l e r a t i o n  of c reep  caused 
by t h e  c y c l i c  l oad ing  must  b e  cons idered  a long  with t h e  problem of c l a s s i c a l  
f a t i g u e  cracking. 
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